A sensitive and reliable method for the determination of total thiamine (vitamin B 1 ) in whole blood has been developed which is suited for routine analysis. After extraction, and enzymatic hydrolysis of thiamine phosphate esters, thiamine is separated from interfering compounds by a fully automated high-performance liquid chromatographic (HPLC) system. Thiamine is detected fluorometrically as thiochrome. By calculating the concentration of thiamine on-line with the aid of a computer, it is possible to complete one analysis within four hours. Routine thiamine determinations can be carried out in a series of 120 samples within 48 hours.
SUMMARY A sensitive and reliable method for the determination of total thiamine (vitamin B 1 ) in whole blood has been developed which is suited for routine analysis. After extraction, and enzymatic hydrolysis of thiamine phosphate esters, thiamine is separated from interfering compounds by a fully automated high-performance liquid chromatographic (HPLC) system. Thiamine is detected fluorometrically as thiochrome. By calculating the concentration of thiamine on-line with the aid of a computer, it is possible to complete one analysis within four hours. Routine thiamine determinations can be carried out in a series of 120 samples within 48 hours.
The within-assay and between-assay coefficients of variation of the analysis of total thiamine in whole blood were 4·2 and 4'4%, respectively. The between-assay analytical recovery of thiamine diphosphate added to blood samples was 99·9 ± 11·7% (mean ± SD). The HPLC method described has been applied also to the analysis of thiamine in plasma and erythrocytes. In agreement with other reports, it was found that about 80 %of total thiamine of whole blood is present in the erythrocytes. Reference values of thiamine in whole blood of the human were found in the range 95-155 nmol/l, The main biologically active form of thiamine 9338),5 although all these methods have dis-(vitamin HI)' thiamine-diphosphate (ThDP), takes advantages. The thiochrome method performed part as a coenzyme in a number of reactions manually and directly is not specific owing to cata1ysed by enzyme systems in the metabolism of interferences by other fluorescent compounds and is carbohydrates (eg, pyruvate and e-oxoglutarate therefore not reliable. The microbiological method is dehydrogenases in the citric acid cycle and trans-time-consuming, does not givea good reproducibility, ketolase in the pentose phosphate pathway).' Along and is difficult to standardise. It is subject to interwith the determination of the red cell transketolase ferences, like growth inhibition or stimulation of the activity and its stimulation by added ThDP, the microorganism, eg, by antibiotics and other pharmaanalysis of thiamine in whole blood is often used in ceuticals occurring in the sample. Furthermore, this the estimation of the vitamin HI status. 1 -3 For method is not easy to automate. simplicity, the term 'thiamine' will be employed in In view of these drawbacks, we adopted the highthis article both in the sense of 'total thiamine' and in performance liquid chromatographic (HPLC) that of 'non-phosphorylated thiamine'. procedure described by Van de Weerdhof et al. 6 to Until now thiamine analysis in blood has usually develop a reliable, semi-automated method for the been performed manually by the thiochrome method" HPLC analysisof thiamine in whole blood, which is or by the microbiological method with Lactobacillus suitable for routine analysis of the low concentrations viridescens (ATCC 12706) or L. fermenti (ATCC of total thiamine found in whole blood. 52 were prepared in 0·3 M H 2SO 4 with concentrations of about 1· 5 mmol/l, and stored at +4°C. The concentrations of these stock solutions of thiamine and thiamine-diphosphate (ThDP) were checked every month after proper dilution with 0'1 mol/I HCI by measuring the absorbance at 248 nm according to the method described by Pentinnen.? The working standard solutions of thiamine and ThDP were prepared daily by 1:1000 dilution of the stock solutions with water. 3 Sodium acetate buffer 4· 5 rnol/l, pH 6·1 in water. 4 Mobile phase: Aqueous solution of 0·04 mol/I Na 2HP04 , 0·03 mol/l KH 2P04 , and approx, 13 % (v/v) ethanol, pH 6'8; flushed with a stream of helium gas for 10 minutes before use. 5 Thiochrome reagent: Aqueous solution of 1·2 mmol/l K sFe(CN)6 in 1· 8 mol/l NaOH; flushed with a stream of helium gas for 10 minutes before use. All other chemicals were of analytical grade and obtained from Merck AG, Darmstadt, FRG.
HPLC COLUMN AND PROCEDURE
A Knauer stainless steel column (250 x 4· 6 mm) was fil1ed with Lichrosorb SI-l00, 10 !J.m (Merck AG, Darmstadt, FRG, cat. no. 9309) by means of a Haskel pump (Amman Technik, Stuttgart, FRG) at a nitrogen pressure of 40 MPa. With an automatic sample injector (Kipp Analytica, Delft, The 53 Netherlands, type 7713), 240 !J.I of a sample extract was injected into the column and eluted at a flow rate maintained at a constant value between 2 and 2· 5 ml/min by a Knauer HPLC constant flow pump, type FR30 (Salm & Kipp, Breukelen, The Netherlands) ( Fig. 1 ). The retention time of thiamine was about 9 minutes and could be regulated by adjusting the flow rate and/or by varying the ethanol concentration in the mobile phase. The effiuent of the column was mixed with the thiochrome reagent in a reaction coil (1. 2 m x 1 mm) of stainless steel (flow rate of the reagent: O·3 ml/rnin), The fluorescence of thiochrome was measured at 430 nm with the excitation wavelength set at 367 nm in a Perkin Elmer model 650-10M spectro-fluorometer (Perkin Elmer, Delft, The Netherlands), equipped with a flow cell with a volume of 18 !J.l. The elution profile was displayed on a BD-8 recorder (Kipp Analytica, Delft, The Netherlands) set at 20 mV ful1 scale.
A Varian computer (model V77-2(0) and a teletype (Geveke, model 43) were connected on-line with the spectrofluorometer. The concentration of thiamine in the original sample was calculated from the peak area (mV. sec), read in a tangential mode with base-line correction, in which the working solution of the thiamine standard was used as the reference. In routine analysis, the thiamine standard was run before each series of five samples. Duration of chromatographic analysis was about 16 minutes per sample (Fig. 2 ).
PREPARATION OF SAMPLE EXTRACTS
Blood samples were col1ected from veins of normal, healthy Dutch volunteers directly into 'Venoject evacuated tubes' (Terumo Co, Tokyo, Japan) containing sodium heparinate as an anticoagulant. Erythrocytes were isolated by centrifugation of whole blood samples at room temperature for 3 minutes at 500 g, fol1owed by 5 minutes at 1500 g. Plasma was separated and stored at -20°C for the determination of thiamine at a later stage. After removal of the buffy coat containing the leucocytes, the erythrocytes were washed three times with a solution of 0'9% (w/v) NaC!, and were then suspended in their own volume of 0'5% (v/v) Sterox-SE (Baker Chemicals, Deventer, The Netherlands, cat. no. 2833 ) and stored at -30 oC for at least 24 hours to effect complete lysis. For the extraction of thiamine, 2 ml of whole blood, lysed erythrocytes or plasma were slowly transferred, with thorough mixing using a Vortex mixer, to a tube containing 3 ml 0·4 mol/l trichloroacetic acid. The tube was allowed to stand for about 60 minutes at room temperature and the suspension was shaken vigorously half-way through for 10 seconds. Thereafter O'8 ml of the sodium acetate buffer was added with mixing (final pH 4'5). Any phosphate esters of thiamine present in the sample" were dephosphorylated by adding O·2 ml of the Taka-diastase solution, followed by incubation in a water bath at 45°C for 2 hours. Half-way through that period the suspension was shaken vigorously for about 10 seconds. After cooling to room temperature the tube was centrifuged for 10 minutes at 2000 g. The clear supernatant was used for direct analysis or otherwise stored at +4°C for analysis within 40 hours. The recovery of ThDP added to whole blood samples was determined using portions of 1·0 ml of whole blood to which 10 !LI of a solution containing 8 urnol ThDP and 9 g NaC! per litre had been added.
Results

CHARACTERISTICS OF THE METHOD
As far as has been investigated the fluorescent response of the thiochrome reaction in the HPLC method described was linear up to about 350 nmol/l (as mentioned below, reference values in whole blood of man were found to be 95 to 155 nrnol/I), In blank experiments, the recorded fluorescence was negligible; a noise signal of at the most 2 nmol/l expressed in thiamine equivalents was recorded.
T AKA-DIAST ASE TREATMENT Most of the thiamine in whole blood is present as its diphosphate ester. 8 It was found that the incubation time for complete hydrolysis of ThDP to free thiamine with the aid of Taka-diastase for blood samples with varying concentrations of total thiamine was about 60-90 minutes. For routine analysis an incubation time of 2 hours was used.
EFFICIENCY OF EXTRACTION PROCEDURE
To investigate the efficiency of the thiamine extraction with the procedure described under Material and methods, a series of 10 different blood samples were extracted in the presence and absence of 3H~P (about 15 X 10 4 dpm), After centrifugation the supernatant was separated and analysed for thiamine and 3H 2 0 . The precipitate was extracted twice with 3 ml sodium-acetate buffer. After centrifugation the second and third supernatants were analysed also for thiamine and 3H 2 0 . It was found that 22·4 ± 1· 5 % (mean ± SD, n = 10) of total thiamine and 22·9 ± 1'0% (mean ± SD, n = 10) of 3H 2 0 were still present in the precipitate after the first extraction procedure. From these results it is concluded that the thiamine in the first precipitate is adhering to the precipitate and is not to any extent bound to it. For the calculation of the thiamine Fig. 3 Recordings ofthe elution profiles of thiamine from whole blood samples. Details are given in the text.
REFERENCE VAL UES
The analysis of total thiamine in whole blood samples from 98 normal Dutch volunteers, irrespective of age and sex, revealed an overall range for total Typical elution profiles of different blood samples with varying concentrations of total thiamine are shown in Figure 3 . Assuming that the signal-tonoise ratio should be at least 3, the detection limit of the HPLC method described in this paper is as low as 5 nmol thiamine/l whole blood. The sensitivity of the method is high in relation to thiamine levels observed in whole blood even during severe thiamine deficiency (values below 50 nrnol/l in chronic alcoholic abuse, according to investigations performed by us, the results of which will be published elsewhere). concentrations it was assumed that whole blood contains 85% water, erythrocytes 71 %, and plasma 95% water.
PRECISION AND RECOVER Y
A number of specimens of the same control sample of whole blood with and without added ThDP were stored at -20 c e and analysed for thiamine every two days in routine series analysis of total thiamine in whole blood with the HPLe method described. A number of specimens of the same control sample of erythrocytes and of plasma without added ThDP were used in the same manner. The within-assay and between-assay variations of the methods used for the determination of total thiamine in standards, whole blood, erythrocytes, and plasma are given in the Table. The coefficient of variation (CV) of the 'within-assay' for thiamine in standard, erythrocyte, and whole blood samples varied from 3·5 to 4·2%. A somewhat higher ev was observed when plasma samples were analysed for thiamine (8' 2 %). This is most probably due to the lower amount of thiamine present in these samples. In agreement with other reports," 11 the Table also shows that erythrocytes per unit of volume were found to have a much higher concentration of total thiamine than plasma. Whole blood used for the isolation of the plasma and erythrocyte samples shown in the Table contained 141 ± 6 nmol of thiamine/l (mean ± SD, n = 4, not included in Table) . Using a haematocrit value of 46%, it can be calculated that about 80% of whole blood thiamine is present in the erythrocytes.
The 'between-assay' evs for thiamine in standard and whole blood samples are comparable to the 'within-assay' CVs. The Table also shows the recoveries of ThDP added to whole blood samples. thiamine of 70-185 nmol/l blood, with a mean value of 115 nmol/l blood. The frequency distribution of total thiamine in these blood samples seems to be non-Gaussian (Fig. 4) . For the assessment of a 'normal' range, the distribution-free method described by Riimke and Bezemer 12 was used. By setting the limits of percentiles at 2' 5 and 97· 5 %, with a reliability of 95%, a 'normal' range was obtained of 95-155 nmol of total thiamine/l blood. Accordingly, a concentration of total thiamine lower than 95 nmcl/l must be regarded as subnormal.
Precision of the HPLC method in determining total thiamine
Discussion
The HPLC method for the analysis of total thiamine in whole blood described in this paper has been developed in order to replace the classical microbiological method in which L. viridescens or L. fermenti are used as the assay organisms," We found that the microbiological assay for the analysis of total thiamine in whole blood with L. viridescens as the assay organisms revealed a between-assay CV of 15% or even higher, in agreement with reports on other microbiological methods.P 14 As an example, the microbiological assay performed every two days revealed a total thiamine concentration of a control whole blood sample of76 ± 21 nmol/l (mean ± SD, n = 11, CV = 27·6~'-;;). The microbiological method, although allowing a determination oftotal thiamine in whole blood as low as 1 nmol/l, is time-consuming, laborious, not easily automated, susceptible to interferences (eg, by medicines), and therefore not reliable. Furthermore, the microbiological method does not differentiate between free thiamine and its phosphate esters, which might be achieved with HPLC methods, regarding the results obtained by Ishii et al. 15 and Kimura et al. 16 in the HPLC analysis of standard solutions of thiamine and its phosphate esters.
With the aid of a microbiological methods a 'normal' concentration of total thiamine in whole blood samples of normal human volunteers was found by us to be in the range 75-225 nmoljl, whereas the HPLC method showed a narrower range (95-155 nrnol/l). To our knowledge, this paper is the first to report a reliable HPLC method for the determination of total thiamine in whole blood which is suitable for large-scale routine analysis.
